The most efficient method of replacement of major internal components such as steam generators in nuclear power plants may require the creation of a construction opening in the side of the containment building. For repairing post-tensioned concrete containment buildings, a major design challenge is to develop the most efficient scheme for tendon detensioning and subsequent re-tensioning. Stresses and displacements must be monitored in the containment wall and liner throughout the repair sequence. Nonlinear finite element analysis using the ANSYS general analysis package can be used to simulate the entire construction process and thus assure an adequate design margin of safety at all stages.
INTRODUCTION
Replacing steam generators requires material and personnel access to the interior of the reactor building. Development of the temporary construction access must show that:
1. There will be no damage to the containment building at any time during the construction work on an opening.
2. Creating an opening in the wall of the containment building and patching the concrete does not change the structural integrity of the building. Structural analysis of the post-tensioned concrete containment building repair using the finite element method provides an accurate and efficient means of evaluating these criteria. The analysis input to meet these requirements includes:
• Modeling a symmetric portion of the building (typically 180 degrees or less)
• Modeling the hoop and vertical tendons explicitly.
• If necessary modeling the equipment hatch area and evaluating its contribution to the buildings overall state of stress.
• Developing a geometrically parametric model of the construction opening so that it can be adjusted to variable sizes to meet design criteria.
• Developing the ability to remove individual tendons (hoop or vertical).
• Developing the ability to vary an individual tendon's force (hoop or vertical)
• Including the effects of tendon loss for both vertical and horizontal tendons.
Each of these capabilities is illustrated in the body of this paper through the example analysis of a representative containment building. The results presented are typical of what might occur in an actual evaluation, but are not specific to any real structure.
FINITE ELEMENT MODEL DEVELOPMENT
In constructing a finite element model there is always the trade off between computational accuracy and computational time to solve. As computers get faster, we are able to build models that provide a better understanding of the physical response the building under goes during the repair operations. The independent modeling of the concrete, tendons, and patch interface will result in more accurate design evaluations. The following element types and there applications are explained in more detail:
1. 3-d brick elements to model the concrete building 2. 1-d truss elements to model the tendons 3. Spring elements to connect the patch to the building 4. Surface-to-surface contact elements to simulate the repair boundary between the patch and existing wall
Containment Wall -3-d Brick Elements
Brick elements are used to model the containment wall since they can predict a nonlinear through thickness stress distribution that cannot be captured using conventional shell modeling. The brick elements will also predict the incompatibility of the stress free patch and the pre-loaded building nonlinear deformation pattern. A large through-thickness bending stress distribution is most prevalent at the patch after tendon re-tensioning. Mesh density studies show that six elements through the thickness are adequate to capture this response and still preserve a model that can be easily solved on a desktop computer. The liner plate is conservatively ignored in the demonstration model, although it could easily be added in the form of shell elements on the inside face of the containment building. Brick elements are aligned with the tendons such that the tendon (truss) elements line-up with the containment (brick) concrete elements. These coincident nodes allow for direct coupling between the concrete and tendon elements. Figure 1 illustrates a 180-degree model. The patch region is illustrated in a different color since the material properties will change after the hole is replaced with the patch. The size and shape of the patch is defined as user-friendly parametric input in the analysis file to automate the process of performing design iterations. The abutments are also explicitly modeled with bricks to capture their eccentric stiffness and provide tendon attachment points.
FIGURE 1 -FINITE ELEMENT MODEL OF CONTAINMENT BUILDING

1-d Truss Tendon Elements
Truss elements are used to model the vertical and hoop tendons to provide flexibility in evaluating variations in tendon loads (de-tensioning and re-tensioning) during the repair design process. Truss element nodes are defined at coincident locations of the brick elements where load transfer is required between tendons and the containment wall. Rigid beam elements are used at the abutments (connecting the ends of the tendons to the containment wall) to distribute the tendon support loads to the concrete elements since the anchorages are not modeled explicitly. Coupling in the radial direction between the tendon elements and the containment wall is used to transfer load between the hoop tendons and the containment wall. Other degrees of freedom of the tendons not required are fixed to prevent rigid body motion. An initial strain is used to define the tendon forces. Forces are derived directly from the stresses and tendon areas. Each element is given a different initial strain that is a function of the tendon loads and losses. Tendon strains (forces) are calculated from a scripted input file such that all tendon loads can be changed with a single variable. The tendon loads are defined using ANSYS APDL scripts that compute the actual tendon load from its geometric position taking into account the distance from the abutment and radius of curvature. The tendon losses are computed based on the following equation:
This tendon loss is programmed directly into the truss elements such that the exact tendon forces are calculated correctly at each position in the model. In areas where the tendons overlap, two sets of tendons are tied to the same nodes. Tendons are smeared together where applicable to simplify the finite element model. Vertical tendons only transfer load between the tendon and containment wall at the anchorages and where the tendon slots are not straight. At locations of curvature the tendon normal loads are applied to the containment building via radial couples. By modeling the tendons independently, tendon forces can easily be increased or decreased to evaluate different tensioning and detensioning scenarios. Figure 2 illustrates sample vertical and hoop tendons on a section of the wall adjacent to the hole/patch. 
1-d Spring Elements
In the boundaries around the patch, spring elements are used to form a continuous bond between the containment wall and future patch region, prior to the patch being cut. The use of independent nodes for the patch wall along the cut line allows for the subsequent modeling of the opening and patching loading sequence. The spring elements are defined with large spring stiffnesses during the initial analysis steps where the building is modeled prior to the opening being cut and subsequent de-tensioning. After the hole is cut, the springs are kept at a large stiffness to restrict rigid body motion of the "killed" elements in the hole. Upon patching and engaging of the contact elements, the spring elements are reduced to a very low stiffness to allow any relative motion to occur between the patch and wall that is not constrained by the contact elements.
Surface-to-Surface Contact Elements
Surface-to-surface contact elements are used to simulate the repaired boundary between the patch and existing wall such that a loss of bond can be simulated. The contact elements are killed during the initial stages of the analysis where the previously described springs hold the original wall in-place. Contact elements are activated after the patch is "birthed" to transmit compressive and shear loads (based on a defined friction coefficient), and yet not allow tensile forces to develop between the patch and surrounding concrete wall. Friction is used to simulate the effects of the concrete to resist shear loads at the edges of the patch.
LOADING SEQUENCE
Since the analysis of the construction sequence is nonlinear and path dependent, it is necessary for the analysis to follow the construction sequence. Each load step is scripted to define changes where applicable in tendon loads, material properties, gravity loads, and patch interface elements. A sample loading sequence is summarized as follows: The loading sequence defined above was automated using scripts in ANSYS. For each load step, stress, force and displacement data can be extracted from the finite element model and processed to determine the adequacy of the building to support the defined loading. The analyses are nonlinear since element birth and death is used to create the hole and replace the concrete in a stress free state. The contact elements also require an iterative solution. By developing a user-friendly automated sequence, the analysis model can be used as a design tool to determine the most efficient size of opening and pattern of tendon de-tensioning and subsequent re-tensioning. The input script can be run by a designer without the need of being an analysis expert.
ANALYSIS RESULTS
Since the analysis of the construction sequence is nonlinear and path dependent, it is necessary for the analysis to follow the construction sequence explicitly. Sequential loading allows for post-processing the analysis results in form of history plots that track the concrete forces and displacements. Results from selective load steps are provided to demonstrate the effects of explicitily modeling the repair on the nominal building stresses. Figure 3 illustrates the hoop and vertical stresses under tendon and dead loads prior to the repair. By modeling the abutments explicitly, the stress concentrations are captured in this area. For all the contour plots illustrated in this report, the blue regions represent compression, while the red areas represent tensile stresses. For all the containment building figures, the same contour scales are used so the colors are consistent between plots.
FIGURE 3 HOOP AND VERTICAL STRESS UNDER TENDON AND DEAD LOADS
Variations in hoop tendon forces extracted from the first load step are illustrated in Figure  4 . The red colors illustrate the maximum tendon loads at the abutments. Tendons losses in the example simulation result in a 14% reduction from the tendon attachment points to the mid-plane abutment pass through. Hoop and vertical stress distribution in the containment wall after the opening has been cut are shown in Figure 6 . The reduced hoop stresses circumferentially away from the hole are a result of the tendon de-tensioning in this area. Away from the hole, the compressive stress state illustrated with the blue colors is maintained and is nearly identical to the pre-repair state illustrated in Figure 3 . Vertical compressive stresses are highest in the local region inside the opening where the load path has to transition around the hole. Figure 7 illustrates the hoop and vertical stress distribution in the containment wall after the opening has been repaired and the tendons re-tensioned. The hoop compressive stresses return to the entire wall. Local bending stresses are developed in the patch that results in tensile forces on the inside surface of the wall that typically requires additional reinforcement.
FIGURE 7 HOOP AND VERTICAL STRESS DISTRIBUTIONS AFTER REPAIR AND RE-TENSIONING
If the analysis is performed without including the hole and subsequent re-patch, the stress distributions around the patch will not be captured correctly and could result in an under design of the patch reinforcement. Figure 8 illustrates the hoop and vertical stresses predicted when the final loading environment is applied directly to the model without including the path dependent cutting and repairing of the hole. Figure 9 illustrates in more detail the vertical stress histories based on the incremental path dependent loading. The pairs of points in the area of the patch illustrate the local bending stresses induced after the repair and subsequent re-tensioning of the tendons. This effect is not accurately predicted without a path dependent solution.
